The AWRA-L model is a core component of the joint Bureau of Meteorology (BOM) and CSIRO Australian Water Resources Assessment (AWRA) system which integrates hydrological models and a variety of observations and satellite products to produce a National Water Accounting system for Australia. AWRA-L is a continental scale sub-model which provides surface water balance component estimates for all landscape types, including forests ranging from sparse woody vegetation in dry climates to dense tropical rainforest in wet climates. This paper describes the AWRA-L interception sub-routine, which is based on the widely used Gash model, and considers how its predictions compare with measurements of interception in tropical rainforests in north Queensland and sparse jarrah forests in Western Australia. The results demonstrate the importance of having accurate estimates of the three parameters which dominate the interception loss (as a fraction of rainfall), i.e. canopy water holding capacity, S, the average wet canopy evaporation rate, E, and the average rainfall rate, R. The current 'default' values of these parameters used in AWRA-L lead to significant errors in interception, which will also be reflected in the AWRA stream flow estimates. Analysis of how E and R values vary across the Australian continent have led to recommendations for how the interception calculations made by the AWRA-L model can be improved using values of E and R calculated from forest height and latitude. Revisions of the canopy storage parameters based on regressions derived from measured values at the rainforest and jarrah sites are also evaluated. Overall, the adoption of both updated canopy storage and E/R ratios outlined in this paper does provide a measurable improvement to the performance of the AWRA-L interception model. The approach developed in this study also has direct relevance to other applications of interception models for water balance modelling at large spatial scales.
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Introduction
Large scale water balance models have been developed for a number of reasons including the realistic representation of the land surface in general circulation models of the atmosphere (e.g. see Wood et al., 1997) , large scale modelling of vegetation (Neilson, 1995) and continental scale modelling of the landscape water balance (Arnold et al., 1999; Arnell, 1999; Wood et al., 1997; Miralles et al., 2010) . Many of these models include grid based process descriptions of the land surface energy and water balance that are driven by climate data; hence they are often used to simulate river flow in large catchments (e.g. Arnell, 1999) and/or the impacts of climate change on water resources (e.g. Leavesley, 1994) . Such a continental model has recently been developed in Australia (the Australian Water Resource Assessment -AWRA) as part of the National Water Account currently being developed to comply with the Australian Water Act (2007) . The AWRA system aims to operationally provide up-to-date, comprehensive and accurate information about the history, current state and future trajectory of the landscape water balance across the entire Australian continent. This information will be central to a wide variety of water resource planning and management applications. The core landscape model (AWRA-L) is a 0.05°grid based biophysical model that simulates daily water stores and flows in soil, vegetation and local catchment groundwater systems; further details of which are given by van Dijk (2010) .
The AWRA-L model provides surface water balance component estimates for all landscape types, including forests ranging from sparse woody vegetation in dry climates to dense tropical rainforest in wet climates. A major evaporative loss from these forest types is interception; rainfall that is caught on the canopy and evaporated during and after rainfall. For example, recent studies of interception in Australia have reported annual losses of between 25% and 40% of rainfall in dense tropical rainforests Wallace and McJannet (2008) and 14-16% in sparse jarrah forests . Interception is therefore a large fraction of the surface water balance and is also the component which has the greatest impact on stream flow when forest are removed; for example, van Dijk et al. (2011) have shown thatthe interception contribution to stream flow increase after forest removal is two to three times that due to the associated change in transpiration.
It is clearly important therefore that the AWRA-L model makes an accurate estimate of forest interception, without which other components of the surface water balance (including stream flow) may have significant errors. This paper compares the values of interception currently estimated by AWRA-L model in its current 'default' mode (see van Dijk, 2010) with data from several rainforest and jarrah forest sites. Further comparison with an optimised version of the Gash et al. (1995) interception model allows us to identify which parameters in the AWRA-L interception model need to be improved. We also explore simple empirical methods that could be used to improve the AWRA-L model parameters based on readily available meteorological data.
Methods

The AWRA-L interception model
AWRA-L uses the rainfall interception model of Gash (1979) , revised by Gash et al. (1995) for sparse canopies and adapted by Van Dijk and Bruijnzeel (2001a,b) who used time variant canopy storage and evaporation functions dependent on the leaf area index. The revised Gash model assumes that rainfall is intercepted in a series of discrete storms, with sufficient time between each storm for the canopy to dry. Each storm can have up to three sequential phases: (i) a wetting phase during which rainfall, P g , is less than that required to saturate the canopy, P 0 g ; (ii) a saturation phase; and (iii) a drying phase after rainfall has ceased. The storage of water on the canopy is described using the canopy capacity S, the minimum depth of water required to saturate the canopy, which is given by the product of the canopy capacity per unit area of cover, S c , and the canopy cover, c. The free throughfall coefficient, p, is the amount of rain which falls directly to the forest floor without touching the canopy (assumed to be 1 À c). In the Gash model, evaporation of water from the trunks is specified using the trunk storage capacity, S t , and the proportion of rain that is diverted to stemflow, p t . The value of S t , is often considered small compared with the canopy capacity, S (Lloyd et al., 1988; McJannet, 2006, 2008) and therefore should not usually have a major effect on interception modelling results. However, the effect of varying S t on modelled interception is further examined in this paper. In the AWRA-L model trunk evaporation is accounted for by increasing the canopy storage capacity by the trunk storage capacity S t . Finally, two of the most critical parameters in both the Gash and AWRA-L models are the mean rainfall rate, R, and the mean evaporation rate per unit canopy area during rainfall, E c , both assumed constant for all storms. Table 1 summarises the five terms in the Gash et al. (1995) and AWRA-L models. The AWRA-L model is designed to allow cover c j , wet canopy evaporation rate per unit ground area, E j (=c j E c ), and canopy capacity, S v,j to vary in time (e.g. to cope with vegetation with significant seasonal variation such as annual crops). In the current application to tropical rainforests and sparse jarrah forests these three parameters are held constant in the Gash model, but are allowed to vary in the AWRA-L model, when it is used in its 'default' mode.
Both of the above models require the estimation of the amount of rainfall needed to saturate the canopy, P 0 g , which is given by;
in the Gash model and by
in the AWRA-L model. The key difference is again that the AWRA-L model allows for seasonal changes in S v and E j and when these are the same as in the Gash model the two formulae give identical values of P 0 g . It is important to discriminate between the wet canopy evaporation rate per unit ground area, E j and per unit canopy area, E c . In the Gash model E j is assumed to be given by c E c and in the AWRA-L model the cover fraction c is derived using a Beers law expression, i.e.
where L j is a time variant leaf area index and j the light extinction coefficient. Similarly canopy capacity per unit ground area, S, is given by cS c in the Gash model, whereas the AWRA-L model estimates the total canopy capacity from the water holding capacity per unit leaf area, S L , and leaf area index L j as;
where the additional term S t,j allows for water storage on the tree stems and branches, again with the option to be time variant. This is why there is no separate 5th term in the AWRA-L model, see Table 1 above. When the AWRA-L model is run in its current 'default' mode, it produces a seasonally varying leaf area index, and so canopy capacity for this model will also vary in time.
Although there are some differences in the interception formulations in the two models, we shall see later that the main difference in the interception values produced by the two models is Table 1 The interception terms in the revised Gash and AWRA-L models.
Component of interception loss
Revised Gash et al. (1995) model AWRA-L model 1. m small storms insufficient to saturate the canopy c P m j¼1 P g;j P m j¼1 c j P g;j 2. Wetting up the canopy; n storms > P 0 g which saturate the canopy ncP 0 g À ncSc P n j¼1 fc j P 0 g;j À S v;j g 3. Evaporation from saturation until rainfall ceases ðcEc=RÞ P n j¼1 ðP g;j À P g Þ P n j¼1 ðE j =RÞðP g;j À P 0 g Þ 4. Evaporation after rainfall ceases ncS c P n j¼1 S v;j 5. Evaporation from trunks; q storms > S t /p t , which saturate the trunks qS t þ p t P nÀq j¼1 P g;j Included in S v,j terms 2 and 4 above due to different values of the key controlling variables, canopy capacity (S) and the ratio of E/R. In the Gash model we use optimised values for these parameters derived from interception measurements at specific rainforest locations (see Wallace and McJannet, 2008) . In contrast, the AWRA-L model, in common with other continental scale models, has to select or derive a priori values of these parameters from vegetation classifications, published literature and growth models (van Dijk, 2010) . Further details of the differences in the interception model parameters are given below.
Forest sites and associated interception data
Comparison of the AWRA-L and Gash models was made with interception measurements made at two rainforest locations in Queensland and two jarrah (Eucalyptus marginata) forests in Western Australia. The first rainforest site, Oliver Creek (OC), is a lowland (30 m altitude) coastal rainforest located in the Daintree National Park about 100 km north of Cairns. The average annual rainfall at this site is 3068 mm and the forest is 27 m tall with a leaf area index of 4.2 (Wallace and McJannet, 2008) . The second rainforest site, Upper Barron (UB), is a lower montane rainforest located at an altitude of 1050 m on the Atherton Tablelands ($70 km from the coast) in the Longlands Gap State Forest. This site is much drier, with an average annual rainfall of 1831 mm, but of similar height (25 m) and leaf area index (4.1) as Oliver Creek. A full description of these rainforest sites and the interception measurements and modelling already made at them is given by McJannet et al. (2007a McJannet et al. ( , 2007b and McJannet, 2006, 2008) . The two jarrah forest sites were located within 10 km north of Dwellingup, Western Australia, approximately 40 km from the coast and at an altitude of 290 m. The climate is Mediterranean, characterised by hot dry summers and cool wet winters with most rain falling between May and October (Gentilli, 1989) . Long term annual rainfall exceeds 1200 mm year À1 . Soils are typically sandy gravels of inherently low fertility up to 30 m deep derived from deeply weathered granitic parent material (Churchward and Dimmock, 1989 Table 2 . For the Gash model, canopy capacity (S c ) and mean wet canopy evaporation rates (E c ) were estimated from regressions of throughfall plus stemflow (T f + S f ) versus rainfall P g (see McJannet, 2006, 2008) . The mean rainfall rates (R) were calculated from individual storms as the ratio of the total rainfall in a storm to its duration (see next section for details). In the rainforests canopy cover (c) and leaf area index (L j ) were measured using fish eye lens photography (McJannet et al., 2007a) and the free throughfall coefficient, p, taken as (1 À c). In the jarrah forests leaf area and cover were estimated using digital cover photography (Macfarlane et al., 2007) . At all sites the proportion of rainfall diverted to stem flow (p t ) was measured directly using stem flow gauges (e.g. McJannet et al., 2007a) .
When the canopy storage capacity, S, is obtained from the negative intercept of the regression of (T f + S f ) against P g , it represents the average total water holding of all the elements of the forest canopy; leaves, branches and trunks. In order to derive a specific leaf water holding capacity, i.e. the amount of water held per unit leaf area, S L , as used in the AWRA-L model (van Dijk, 2010) , it is therefore necessary to separate S into its foliar and non-foliar (i.e. trunk including branches) components. In the jarrah forests the non-foliar component was estimated as 0.11 mm from the intercept of a regression of total storage versus L j for the jarrah forest sites. Following Wallace and McJannet (2008) , the trunk storage capacity of the rainforests, S t , was taken from Lloyd et al. (1988) as 0.15 mm. An assessment of the effect of partitioning S into its foliar and non-foliar components in the rainforests is presented later in this paper. The default AWRA-L parameters used for the forests are also given in Table 2 . A key parameter is the ratio of the mean wet canopy evaporation rate over mean rainfall rate (E c /R), which has been reported to vary between 0.05 and 0.25 in forests (Gash, 1995; van Dijk and Bruijnzeel, 2001b) . Based on these literature values, AWRA-L uses a default value of E c /R of 0.2 for all forests or 'deep rooted vegetation ' (Van Dijk, 2010) . Canopy capacity is based on the water holding capacity per unit leaf area, S L , and leaf area index L j (Eq. (4)). Again the default value of S L in AWRA-L, 0.1 mm, is based on a range of literature values for all vegetation types including forests (0.07-0.6 mm; see van Dijk and Bruijnzeel, 2001b) . AWRA-L has a vegetation growth and phenology sub-model that calculates seasonally varying values of L j based on the 'equilibrium' approach where transpiration (driven by radiation interception by the canopy) is controlled by the ability of the roots to withdraw water from the soil (controlled by soil hydraulic properties -see van Dijk, 2010) . This is why the values of S and S c for the AWRA-L model vary in Table 2 .
Variation in R and E across Australia
The ratio of mean evaporation rate during rain (E) to mean rainfall rate (R) is a key determinant of canopy interception losses in the AWRA-L model, currently set to 0.2 for all forest types. To improve the estimation of these parameters within AWRA-L, and thus improve estimation of canopy interception, we tested the variation of both E and R, and their ratio, across a wide range of climate zones within Australia.
Rainfall rate
Pluviograph data (6 min interval) were obtained from the eWater online toolkit (http://toolkit.ewater.com.au) for 54 Bureau of Meteorology recording stations across Australia with a lengthy continuous record (see Appendix A). A range of stations was selected to represent tropical, arid and semi-arid, and temperate climate regions. Mean rainfall rate (R) was calculated as the ratio of total rainfall in an event divided by the length of the event. The estimation of R is sensitive to the choice of storm separation time, which must be long enough for the canopy to dry out to comply with the Gash model. Studies have used separation times ranging from 2 h to 6 h (see Wallace and McJannet, 2008) . We used a storm separation time of 4 h as used by van Dijk et al. (2005) and Wallace and McJannet (2008) . Individual rain events with less than 2 mm rain were ignored; the number of such daily records used for each station ranged from 441 to 6339 with a mean of 2303 (Appendix A).
Wet canopy evaporation rate
Wet canopy evaporation was calculated for the same Bureau of Meteorology stations used to estimate R. Daily potential evaporation (FAO56 -Allen et al., 1998) was taken directly from the SILO 1 patched point dataset (Jeffrey et al., 2001 ) for days when the canopy was likely to be wet for most or all of the day. These wet canopy evaporation days were selected using the corresponding pluviograph data according to the criteria that there were no gaps between rain events greater than 4 h and at least 50 mm of rain fell that day; with rainfall rates around 4 mm h À1 (Appendix A) this meant the canopy was wet for a least 12 h per day. The number of such daily records used for each station ranged from 1 to 267 with a mean of 17 (Appendix A). Since the FAO56 evaporation rate applies to short grass and uses weather data measured at 2 m we also estimated the evaporation rate during rainfall (E) over tall forests, ranging in height from 10 to 40 m. This requires the extrapolation of 2 m weather data to above the forest and a correction to the aerodynamic resistance to allow for the much rougher forest canopy. To do this we used the Matt-Shuttleworth method as described in Shuttleworth and Wallace (2009) , from which E is given by;
where D is the rate of change of saturated vapour pressure with temperature, A is the available energy, D 2 is the vapour pressure deficit (measured at 2 m height), u 2 is wind speed at 2 m height (taken as 2 m s À1 in FAO56), c is the psychrometric constant, q is the density of air, and c p is the specific heat of air at constant pressure. D 50 is the vapour pressure deficit at 50 m and is given by its ratio to D 2 as;
where the climatological resistance term, r clim , is given by; 
The origins of the various numerical constants in Eqs. (6) and (8) are given by Shuttleworth and Wallace (2009) . The final term in Eq. (5) is the canopy surface resistance to water vapour, (r s ) c , which for a wet canopy is negligible compared to that of a dry canopy (i.e. no stomatal resistance) and we assumed a value of (r s ) c of 0 s m À1 , as have numerous published studies of interception loss from wet canopies (Asdak et al. 1998; Calder and Wright, 1986; Sraj et al., 2008) .
Daily mean temperature was calculated as the mean of maximum and minimum temperature, and used to calculate values of temperature dependant parameters (D and c). D 2 for each station was calculated according to the FAO56 guidelines (Allen et al., 1998) as the mean of D 2 at 9 am and 3 pm using data from the SILO patched point dataset. Monteith and Unsworth, 1990 have shown that net longwave radiation is close to zero under the cloudy skies present during heavy rain, hence, available energy (A) was calculated from SILO's daily insolation (Q) as 0.87Q, assuming an albedo of 0.13 and zero ground heat flux over 24 h (Roberts et al., 2005; Wallace and McJannet, 2008) . For each of the 54 SILO stations a 'default' canopy height was estimated as 20 m based on continental-scale records indicating that the majority of forest and woodland is 10-30 m tall (Lee et al., 2009; Commonwealth of Australia, 2010) . Given the height variation of natural vegetation, we also analysed the sensitivity of estimated E to variation in vegetation height from 0.5 to 40 m.
Results and discussion
3.1. Comparison of AWRA-L default and site data 3.1.1. Rainforests in Queensland Fig. 1 shows the result of interception estimation by the Gash and AWRA-L models when they are parameterised independently at the lowland coastal rainforest at Oliver Creek. The Gash model uses the parameters specified in Table 2 and the AWRA-L model uses the 'default' parameters specified in the same Table. To identify the effect of sequentially changing individual parameters in the AWRA-L model, six separate scenarios were run as listed in Table 3 .
When the AWRA-L model is used with default parameters the daily and cumulative interception losses are much lower than those predicted by the Gash model, Fig. 1 . Over the entire 2.5 year period the Gash model total interception is 1072 mm, only 3.2% higher than the measured interception (1039 mm), Table 3 . In contrast, the AWRA-L model total is only 688 mm, 34% lower than the measured interception. In default mode AWRA-L uses SILO rainfall data (4050 mm), but as this is very similar to the measured rainfall (4077 mm) for this location Wallace et al., 2011) , none of the interception loss discrepancy is due to differences in rainfall input to the models. Comparison of scenarios 3 and 4 shows that the main reason for the reduction in the AWRA-L interception is the low value of canopy capacity it uses (S v = 0.25-0.59 mm), which greatly reduces terms 2 and 4 of the interception model (see Table 1 ). The low value of S v also indirectly affects the first term of the model as it leads to a much lower value of P 0 g (=0.46 mm in AWRA-L compared to 3.7 mm in Gash). The effect of this difference in P 0 g can be seen in Fig. 2 , where for storms smaller than that required to saturate the canopy (3.7 mm in the Gash model), the AWRA-L model gives much lower interception values than the Gash model. When daily interception exceeds $7 mm, the AWRA-L model interception values are higher than the Gash values and this is because term 3 (see Table 1 ) now dominates the interception loss and AWRA-L has a higher value of E c /R.
When the AWRA-L model is used with default parameters for the lower montane rainforest at Upper Barron the daily and cumulative interception losses are again much lower than those measured and/or predicted by the Gash model, Fig. 3 . Over the entire 3.5 year period the Gash model total interception is 424 mm, very similar to the measured interception (418 mm). In contrast, the AWRA-L model total is only 251 mm, 40% lower than the measured interception. Note that the AWRA-L interception loss is calculated using site rainfall data (1252 mm), which is considerably greater than the SILO rainfall data (1110 mm) for this location; use of the latter gives an interception loss of only 212 mm. At this site the shortfall in the AWRA-L interception is again almost entirely due to the low value of canopy capacity it uses (S v = 0.13-0.63 mm), which directly reduces terms 2 and 4 of the interception model (see Table 1 ) and indirectly the first term of the model as above. Inspection of the daily interception values predicted by the two models (not shown), shows the discrepancy for small storms, as at Oliver Creek, but also that the AWRA-L interception values never exceed the Gash values. This is because the default value of E c /R in the AWRA-L model (0.2) is less than the equivalent used in the Gash model for this site (0.21). Because of the similarity in these E c /R values at this site, changing this parameter in the AWRA-L model has little effect on interception, Fig. 3 and Table 3 .
The AWRA-L model underestimation of the interception loss at the two rainforest sites is largely due to the low canopy storage used in this model, which comes from the product of leaf area index (L j ) and the water holding capacity per unit leaf are, S v . Fig. 4a shows there is a large seasonal and inter-annual variation in the leaf area generated by the AWRA-L model for the rainforest sites, with some very low values at times, for example, in January 2003 at Upper Barron when the modelled L j is only 1.0, compared to the measured value of 4.1. At the one time (October 2002) when measured leaf area is available for Oliver Creek, the AWRA-L estimated is quite close, but this may be fortuitous; clearly more ground based measurements of L j are needed, but unfortunately they are not available in this study. However, the measured values of L j at Oliver Creek and Upper Barron are within (but at the lower end) of the range reported by Roberts et al. (2005) for a range of tropical rainforests (e.g. 4.5-6) and Roberts et al. (1996) show leaf litter data collected in the Amazonian rainforest which indicates that there is only slight seasonality ($10%) in the total canopy leaf area. It may be, therefore, that the leaf area values estimated by the AWRA-L model can often be too low and that their seasonal variation is too high. One possible reason for this is that the AWRA-L forest growth model (van Dijk, 2010 ) is based on the physiological response of a single forest (held constant across the whole of Australia), whereas in a real rainforest multiple species exist which may have temporally complementary phenologies that interact to sustain a more constant seasonal total canopy leaf area. A further explanation of the low AWRA-L interception losses is the low 'default' value of the specific leaf water holding capacity, S v = 0.1 mm. This is much lower than that derived from the Gash model total storage divided by the leaf area index (0.66-0.84 mm, Table 2 ), however, this calculation assumes all of the water is stored by leaves and we shall see later that when the possibility of significant non-foliar water storage is taken into account, the value of S v derived from the Gash model decreases.
Jarrah forests in Western Australia
Rainfall interception measurements from the two sites in jarrah forest in Western Australia were also used to optimise the Gash model and test the AWRA-L model. AWRA-L default parameters and optimised parameters from the Gash model for the three sites are presented in Table 2 . The interception loss, mean rainfall rate, leaf area index and canopy cover were all considerably smaller than those at the rainforest sites. As a result, canopy storage and trunk storage were also smaller. A trunk storage of 0.11 mm was derived from the intercept of a linear regression of total storage versus L j for seven jarrah forest sites (data not shown).
The optimised mean evaporation rate per unit canopy cover (E c ), 0.38-0.41 mm h
À1
, was similar to that for the Oliver Creek rainforest. Based on actual measurements of cover and leaf area we estimated the light extinction coefficient at the zenith (j) to be $0.3 in jarrah forests, compared to nearly 0.8 for rainforest. The rainforest value is consistent with other published values of j for Malaysian (Kira, 1978) and Amazonian (Williams et al., 1971) rainforests. However, the calculated j for jarrah forest does not account for foliage clumping, which is significant owing to the relative sparseness of jarrah forest (Macfarlane et al., 2007) , resulting in underestimation of j. At the zenith j has been estimated at between 0.45 and 0.50 (Macfarlane et al., 2007) . The light extinction coefficient, j is used with leaf area index to calculate cover in the AWRA-L model (see Eq. (3)). Cumulative measured and modelled interception for the two jarrah forest sites are shown in Fig. 5 and the differences between each AWRA-L scenario parameterisation and total measured interception is summarised in Table 3 . At the Bates forest the AWRA-L default (scenario 1 in Table 3 ) overestimates interception by 35%, whereas the default model run at the Huntly site follows the measured values quite closely. This latter agreement occurs despite the model overestimating leaf area by as much as 100% (Fig. 4b) . In fact, substituting measured values of L j at the jarrah forest sites substantially lowered AWRA-L modelled rainfall interception and using measured values of canopy cover further increased the difference between AWRA-L and measurements (Table 3 ). Substituting measured values of leafspecific canopy storage (S v ) and accounting for trunk storage had little further effect on the AWRA-L results for these sparse jarrah forests. Using realistic canopy parameters in the jarrah forests (i.e. leaf area, canopy cover and S v -scenario 4 in Table 3 ) in the AWRA-L model resulted in $30% underestimation of interception (Table 3) and to close this gap it was necessary to use the optimised value of mean evaporation rate during rainfall per unit cover (E c ), as demonstrated in Fig. 5 . Effectively, in jarrah forest, the default AWRA-L model has two errors, i.e. underestimation of E c and overestimation of canopy cover and storage (via L j ), and fortuitously these errors compensated for each other at the Huntly site.
Variation in R and E across Australia
To improve the estimation of the ratio of E c to R within AWRA-L (currently fixed at 0.2) we undertook an analysis of the spatial variation of both E (per unit ground area) and R, and their ratio, across a wide range of climate zones within Australia. Rain rate (calculated using 6 min pluivograph data -see Section 2) increased with proximity to the equator and ranged from as little as 1 mm h À1 at high latitudes to nearly 6 mm h À1 at low latitudes, Fig. 6a . A similar range of R has been observed across many studies of rainfall interception (Gash and Morton 1978; Lousteau et al., 1992; Llorens et al., 1997; Valente et al., 1997; Sraj et al., 2008; Wallace and McJannet, 2008) . R was not correlated with mean annual rainfall, but the relationship between R and latitude (U) was strongly curvilinear and the following equation was derived following squareroot transformation of R; R ¼ ð2:56 þ 0:040UÞ 2 r 2 ¼ 0:80; p < 0:001:
The increase of rain rate towards the equator is well documented across the world and in Australia (e.g. Jennings, 1967; Calder, 1996 ). Western et al. (2011) record for Australia, to that observed in our study. Increased rain intensity is related to rain drop size, which is larger nearer the equator where rain derives from high intensity convective storms. The evaporation rate from forests (E) during rainfall (calculated using SILO data in the Matt-Shuttleworth method; Eq. (5)) appears to increase slightly with proximity to the equator but it was not significantly correlated with either latitude or mean annual rainfall, Fig. 6b . Based on the 'default' value of a 20 m tree height, E ranged from 0.15 to 0.36 mm h À1 , and mean E across all sites was 0.27 mm h
À1
, which is similar to that estimated or calculated in many other studies (Fig. 7) . Murakami (2007) . The median value of E for all sites from both their studies is 0.26 mm h À1 . FAO56 estimates of wet-canopy evaporation rate (from short grass) were much smaller, 0.084 (±3%) mm h À1 , than those derived from the Matt-Shuttleworth approach, confirming that the FAO56 method is not suitable for wet forest canopies. Fig. 6c shows that E/R decreased with proximity to the equator owing to the strong relationship of R with latitude and ranged from less than 0.05 near the equator to more than 0.3 at higher latitudes. Most of the values estimated are less than the default value of E/R assumed in AWRA-L of 0.2, and near the equator the values are much smaller and similar to the value of 0.05 assumed for crops. This suggests that the values of E/R originally selected for forests in AWRA-L may have been biased by published studies from high latitudes.
The wet canopy evaporation rate E estimated using the MattShuttleworth approach is very sensitive to tree height (Fig. 8) ; a 10 m increase in tree height increased E by about 25%. Tree heights greater than 40 m were not tested in this study owing to the arbitrary blending height of 50 m used in the Matt-Shuttleworth method. However, 0-40 m covers the height range of most Australian woodlands and forests as well as the range of continental-scale height maps produced from sources such as space borne LiDAR (Simard et al., 2011) . The empirical equation relating wet canopy evaporation rate to vegetation height is:
It is therefore possible for a revised version of the AWRA-L to vary E with vegetation height according to Eq. (10) and vary R according to latitude using Eq. (9). This would also provide the opportunity in the future for rain rate to be incorporated into sub-models of AWRA-L that estimate surface runoff (e.g. Mertens et al., 2002) . The effects of these modifications to the AWRA-L model are presented in the following section. 
Improving AWRA-L performance
In tropical rainforests the key variable that needs to be improved in the AWRA-L model is the canopy capacity, S. This is determined by the water holding capacity per unit leaf area, S v , leaf area index L j and water storage on the trunks and branches, S t,j (Eq. (4)). To improve the estimation of S v using canopy storage capacity data reported by Wallace and McJannet (2008) it is necessary to separate the total canopy storage S into its foliar and non-foliar components. Wallace and McJannet (2008) found S values ranging from 2.0 to 3.6 mm in Australian rainforests, and suggested one possible explanation for these comparatively high values was the contribution of epiphytes and mosses that are prevalent on the branches of these forests. It is also possible that the tree bark itself can store significant quantities of water, as demonstrated by Herwitz (1985) for rainforest trees in north Queensland. His laboratory wetting experiments indicated that the 'maximum' water holding capacity of the bark of 5 tree species ranged from 1.6 to 6.8 mm and that this constituted 50-75% of the total water holding capacity of the entire canopy. Similar bark wetting experiments in birch, hickory and oak trees in Massachusetts, USA have also found comparatively large bark storage capacities (0.4-2.5 mm; Levia and Herwitz, 2005) .
The above bark storage capacities have been considered to be extreme upper values due to the long (days) bark immersion times used in the studies, but a number of other studies using both immersion techniques (for much shorter times, $minutes) and spraying methods have also found that the storage of water in the bark may dominate the total canopy capacity. For example, in dry sclerophyll eucalypt forest in south east Australia, Crockford and Richardson (1990) reported that only 20% of the total canopy storage capacity of this forest (0.39 mm) was due to its foliage, the rest being caught by woody structures. Similarly, in the cypress and pine forests of north-central Florida, Liu (1998) found the foliage only accounted for 20-40% of total canopy storage, again the rest was held on branches and stems. Even smaller foliar contributions, 5-12% have been reported, e.g. in mixed species Mediterranean pine forest in the eastern Pyrenees in Spain (Llorens and Gallart, 2000) . There is also evidence that short duration immersion experiments can produce storage capacities that are lower than those obtained from spraying or simulated rainfall (e.g. see Garcia-Estringana et al., 2010) , so it would seem that some immersion wetting experiments may be giving reliable estimates of the effective storage capacity of the woody components of forests, rather than upper limit values.
Given the above evidence for a major contribution of woody structure to total canopy storage and the remaining possibility of a contribution from epiphytes and mosses, to obtain a specific leaf water holding capacity, S L , it is therefore necessary to partition the total canopy storage values obtained by Wallace and McJannet (2008) into foliar and woody components. In the absence of specific information from their rainforest sites, one simple approach to this is to use the average fraction of canopy storage held on the bark, reported by Herwitz (1985) for a range of rainforest species in north Queensland, as 64%. Table 4 shows the results of this analysis for the 2 rainforest sites presented here plus 3 other rainforest sites from which equivalent data are also available (see Wallace and McJannet, 2008) .
Leaf area and ground cover in these rainforests are relatively consistent at 4.1 (±0.3) and 96 (±1)% respectively. Total storage capacity per unit ground area (S) is only slightly less than its per unit canopy value (S c ) because of the high canopy cover. The average value of S is 2.8 (±0.7) mm, with 1.8 (±0.4) mm associated with storage on the trunks and branches leaving 1.0 (±0.2) mm stored on the foliage (S foliage ). This foliage water storage capacity is similar to the total canopy storage capacity reported for other tropical rainforests (e.g. 0.74 mm in the Amazon: Lloyd et al., 1988 and 1.15 mm in Puerto Rico: Schellekens et al., 1999) . Dividing S foilage by L gives the specific leaf water holding capacity, S L (Table 4) ; which has a mean value of 0.25 (±0.05) mm in the rainforests. This value is within the range of S L values for all forests reported by Van Dijk (2010), 0.07-0.6 mm, and close to the S L values for tropical rainforest species that can be derived from the data published by Hertwitz (1985) , i.e. 0.23-0.33 mm. The equivalent canopy storage parameters for the two jarrah forests are also given in Table 4 . These forests are much sparser (L $ 2), have only got partial ground cover ($50%) and hold less canopy water in total and per unit leaf area ($0.06 mm). The latter may be due to the water repellent eucalyptus leaves that hang almost vertically; a display form which is reflected in the much lower light extinction coefficient for this species compared with rainforests (Table 4) .
In order to derive a method to allow the canopy storage parameters for forests of any leaf area the S L and S t data in Table 4 are plotted against leaf area index in Fig. 9a and b. The empirical curves fitted to the data are best fit exponentials which can be used to calculate S L and S t provided L is known. Although the precise shape of these relationships would require more data from other forest types with a range of leaf areas, an increase in S L with L would be expected due to variations in leaf size, leaf surface characteristics and leaf angle as canopies become more dense. Table 4 A summary of the canopy properties affecting the storage of water on the canopy of five rainforests and two jarrah forests. Parameters shown are; leaf area index (L), free throughfall coefficient (p), canopy cover (c), light extinction coefficient (j), total storage per unit canopy (S c ), total storage per unit ground area (S), trunk storage per unit ground area (S t ), leaf storage per unit ground area (S foliage ) and specific leaf water holding capacity (S L ). Forexample, it has been frequently demonstrated that leaf size increases in warmer and more humid environments (Grubb, 1977; Tanner 1980 , Royer et al., 2005 , where higher leaf area forest are more prevalent. Conversely, in drier environments leaves tend to be thicker and often have waxy coatings to reduce transpiration loss (Holloway, 1970) . Such coatings also promote water shedding and reduce the water storage per unit leaf area. Leaves in drier climate also tend to have steeper leaf angles which is likely to be an adaptation to reduce exposure to radiation (and hence water stress) in the middle of the day (e.g. King, 1997; Cowan, 1982) . This increased leaf angle is also likely to reduce S v and j as seen in the jarrah forests in the presentstudy (Table 4) . Finally, the density of the canopy may also result in variations in S L as wind speeds within the canopy and leaf movement are likely to be greater in a sparse open canopy than in a dense closed canopy (e.g. Pereira et al., 2009 ). Table 4 also shows that trunk storage (S t ) is much higher in rainforests, most likely because they support epiphytes and mosses (Wallace and McJannet, 2008) and their barks can absorb more water than the smooth water repellent eucalypts (Herwitz, 1985) . Table 5 shows the effect of replacing the default values of S L and S t used in the AWRA-L model with those calculated using the regressions shown in Fig. 9 . In order to calculate S L and S t the improved canopy storage term uses the measured site leaf area index and also the measured cover (via the derived values of the light extinction coefficient (j) - Table 4 ); two parameters which are a prerequisite of the improved continental scale model method. At Oliver Creek improving the canopy storage terms alone led to a large increase in interception loss (I) such that it became 34% of rainfall, much higher than the measured value of I. Adding the update to the ratio of E/R at this site, with R calculated using Eq. (9) and E derived from Eq. (10), reduces the modelled I to 25% of rainfall, identical to the measured I. Improving the canopy storage term at Upper Barron increases the modelled I to 34% of rainfall, slightly more than the measured I. However, adding the E/R derived from Eqs. (9) and (10) at this site decreases modelled I to 25%, significantly lower than the measured I. The main reason for the under prediction of I at this site is because Eq. (10) assumes a wind speed of 2 m s À1 (at 2 m), which is much lower than the average wind speed measured at the same height (in a clearing) at this site during rainstorms (6.8 m s
À1
; Wallace and McJannet, 2008) . Recalculation of E using Eq. (5) with the site wind speed increases E from 0.31 mm h À1 to 0.79 mm h À1 (close to the optimised value of E for this site, 0.81 mm h À1 ; see Wallace and McJannet, 2008) , which in turn increases I to 38% of rainfall. However, as specific site wind speeds are not routinely available (especially during rainfall) it is currently unavoidable for any operational version of AWRA-L to use a fixed wind speed (2 m s À1 ) in the derivation of E using Eqs. (5) and (10), accepting that the model will underestimate I at windier locations.
Table 5 also shows that the AWRA-L model default parameters produced an interception loss that was much higher than the measured interception at the Bates jarrah forest site, but very close to the measured loss at the Huntly jarrah site. However, we have already noted that the agreement at Huntly was the fortuitous consequence of compensating errors in the default values of canopy storage (too high) and the ratio of E/R (too low) -see Table 2 . The use of site based canopy storage parameters from the two jarrah sites (Table 5) leads to a decrease in I, taking the values significantly below the measured values of I and adding the updated values of E/R for these sites lowers the modelled I values slightly further (Table 5 ). Again the main reason for the resultant low AWRA-L model estimate is that its value of E derived from equation 10, 0.26 mm h
, is lower than the optimised values of E for these sites, 0.41 mm h À1 at Huntly and 0.38 mm h À1 at Bates. One possible explanation for the higher E values at the two jarrah sites may be due to the sparse nature of the forest, where higher ventilation rates around the trees may increase turbulent transfer (Pereira et al., 2009) . Teklehaimanot et al. (1991) found this to be the case in their study of Sitka spruce trees of variable spacing. They concluded that the higher interception losses per tree in the sparse canopies were directly attributable to lower aerodynamic resistance and hence higher E rates during rainfall. Estimates of E made using Eq. (10) for sparse forests may therefore be too low, leading to underestimates of the interception loss in these types of forest. The effect of partitioning total canopy storage into leaf and trunk components leads to a significant discrepancy between the AWRA-L and Gash modelled interception, Fig. 10 . This shows that with identical parameterisations the AWRA-L model gives significantly higher values of interception than the Gash model once trunk storage exceeds $0.5 mm. This discrepancy between the models is due to the different ways in which trunk storage (S t ) is treated in the two models. In the Gash model S t is specified as a water store which has two components associated with storms that do not saturate the trunk (p t P g ) and those which saturate the trunk (S t ). So with this specification the Gash model effectively accounts for evaporation from the trunks after rainfall, but does not allow for evaporation of water from the trunks during rainfall. In the AWRA-L model S t is simply treated as part of the total canopy storage and so its value affects evaporation losses both during and after rainfall. When trunk storage is small, this difference is also small, but as S t increases the Gash model interception is less than the AWRA-L model interception by the amount of the evaporation from the trunks during rainfall. Clearly further information on the partitioning of canopy storage into its foliar and non-foliar components along with measurements of their respective evaporation rates during rainfall are needed to determine which interception model is best suited to Australian forests.
Conclusions
Several important issues have been revealed by the current analysis of interception loss calculated by a continental scale model. Firstly, in default mode, models such as AWRA-L are driven by large scale gridded weather and rainfall data that are derived with spatial estimation methods such as those used in the SILO data system. This is a necessary perquisite of a continental scale model, but at some of the locations studied SILO rainfall is very poorly correlated with rainfall measured at the site. In consequence, it is difficult to reconcile AWRA-L interception estimates made with SILO data with site interception measurements unless the AWRA-L model is re-run with site based rainfall data. When this is done, there are still considerable differences, as described below, but it should be noted that in its normal operational mode AWRA-L will use SILO data and so in locations where this is significantly different from site specific rainfall differences may result in the interception loss simply because of the different rainfall input data. Furthermore, when AWRA-L is used to produce a water balance for an entire catchment it is possible that the SILO data provide a better estimate of catchment wide rainfall and hence the catchment scale water balance (including runoff) may be more reliable than a site based comparison suggests. Catchment scale water balance data would be required to see if this is the case.
When the AWRA-L model is run in default mode with site specific rainfall data there can still be very large differences between modelled and measured interception (up to 40%). This is particularly so in rainforests where the discrepancy arises largely because of AWRA-L's poor estimation of leaf area index, which results in a canopy storage capacity which is only 5-20% of the optimised canopy capacity in the Gash model. The AWRA-L default estimation of leaf area also has unrealistic seasonal variations and does not compare very well with the occasional point data available for the rainforest sites investigated. It is clear that this aspect of the model must be improved if this models interception estimation is to be made more reliable. When this is done (e.g. by improving the forest growth algorithms and or assimilating remotely sensed leaf area data) we recommend that the improved canopy storage method based on the regressions shown in Fig. 9 is adopted. Note that the continental scale model also has to derive ground cover (e.g. from leaf area) and this is also important parameter in interception modelling, especially in sparse forests.
At some rainforest locations the second major parameter controlling interception, E/R, is up to three times higher than that in the Gash model and this leads to an over estimation of interception in the AWRA-L model. Somewhat fortuitously, the AWRA-L overestimation of E/R and underestimation of canopy capacity compensate in some sparse jarrah forests, but not always. In these sparse forest types where the canopy capacity is small, E/R is the dominant factor leading to the AWRA-L underestimates of interception. Use of the improved method for estimating R (based on equation 9) give values which are not too different to those measured at the jarrah sites, so the main cause of the remaining model underestimation of interception loss is due to the use of E values which are too low. This may be due to the sparse nature of these forests where higher ventilation enhances E, however, more information on the relationship between a readily measurable index of sparseness (e.g. stem number per unit area, leaf area index or canopy cover) and aerodynamic resistance (used to derive E) is needed before this effect could be included in a continental scale model such as AWRA-L.
Overall, the adoption of updated canopy storage and E/R ratios outlined in this paper does provide a measurable improvement to the performance of the AWRA-L interception model. When interception is expressed as a percentage of rainfall (I) the modified AWRA-L model produces values of I which are within 1-8% of the measured I values at all four test sites. This level of uncertainty will propagate to the AWRA-L estimation of runoff, but may be significantly amplified especially in periods and places where rainfall is low (Wallace and McJannet, 2012) .
Our analysis of the role of forest trunks and branches in storing and evaporating water has demonstrated that they may have a larger role in the interception process than hitherto thought. We have derived some preliminary values for trunk and leaf storage in both the rainforests and jarrah forests, which can be readily used in the interception modelling of other forests where leaf area is known. However, introducing a significant proportion of total canopy storage associated with trunks has revealed a potential underestimation of interception by the Gash et al. (1995) model, which ignores the potential for significant evaporation from the trunks during rainfall. The van Dijk and Bruijnzeel (2001a) model (used in AWRA-L) does allow for trunk evaporation during rainfall and therefore should provide a better estimate of interception loss when there is a significant component of trunk storage in a forest canopy.
Finally, it is worth noting that while the analysis and approaches developed in this study were aimed at improving the AWRA-L continental scale water balance model for Australia, the findings are also relevant for other studies looking to apply interception models, such as the Gash model and its derivatives, at large spatial scales (e.g. Miralles et al., 2010) .
